Heat-shock protein of 47 kDa (Hsp47) is a molecular chaperone that recognizes collagen triple helices in the endoplasmic reticulum (ER). Hsp47-knockout mouse embryos are deficient in the maturation of collagen types I and IV, and collagen triple helices formed in the absence of Hsp47 show increased susceptibility to protease digestion. We show here that the fibrils of type I collagen produced by Hsp47 ؊/؊ cells are abnormally thin and frequently branched. Type I collagen was highly accumulated in the ER of Hsp47 ؊/؊ cells, and its secretion rate was much slower than that of Hsp47 
INTRODUCTION
Collagen is the most abundant protein in mammals and plays various roles as a component of the extracellular matrices. Twenty-seven types of collagen consisting of specific ␣-chains that are encoded by Ͼ40 different genes have been identified so far (Boot-Handford et al., 2003) . These proteins are classified into five subfamilies: 1) fibril-forming collagens, 2) networkforming collagens, 3) fibril-associated collagens with interrupted triple helices (FACITs), 4) transmembrane collagens, and 5) other types of collagens (Prockop and Kivirikko, 1995) . Among them, type I collagen is a typical fibril-forming collagen and a major component of the extracellular matrix (ECM), whereas type IV collagen is a nonfibrillar network-forming collagen found in basement membranes (BMs). Collagen is crucial for various biological functions, and mutations of collagen are known to cause various collagen-related diseases, including osteogenesis imperfecta and the Ehlers-Danlos syndrome (Myllyharju and Kivirikko, 2004) . Type I collagen, composed of two ␣1 chains and one ␣2 chain, can be divided into three major domains: N-terminal propeptide (N-propeptide), central triple helical domain, and C-terminal propeptide (C-propeptide) (Hulmes, 2002) . Newly synthesized polypeptides of procollagen are cotranslationally transferred into the endoplasmic reticulum (ER) and are assembled at the C-propeptide region where they undergo disulfide bond formation. Triple helix formation proceeds from the C terminus to the N terminus in a zipper-like manner (Bachinger et al., 1980; Engel and Prockop, 1991; Bulleid et al., 1997) , and the N-and C-propeptides are processed from the collagen helices during or immediately after secretion by the N-proteinase ADAMTS-2 and the C-proteinase BMP-1, respectively (Dombrowski and Prockop, 1988; Li et al., 1996) . Finally, collagen molecules self-assemble into supramolecular structures, resulting in the formation of collagen fibrils or BMs (Hulmes, 2002) . During procollagen biosynthesis in the ER, several molecular chaperones are involved in assisting the correct folding of collagen in the cell. These molecular chaperones include BiP/Grp78, Grp94, protein disulfide isomerase (PDI), prolyl 4-hydroxylase (P4H), and heat-shock protein of 47 kDa (Hsp47) (Chessler and Byers, 1993; Ferreira et al., 1994; Lamande et al., 1995; Wilson et al., 1998; Walmsley et al., 1999; Nagata, 2003) . Hsp47 was first identified as a collagen binding protein residing in the ER (Nagata et al., 1986; Saga et al., 1987) and functions as a collagen-specific molecular chaperone (Nagai et al., 2000; Tasab et al., 2000) . Hsp47 transiently associates with procollagen in the ER and dissociates before reaching the cis-Golgi (Satoh et al., 1996) . Hsp47 preferentially recognizes collagen triple helices (Koide et al., 2002; Tasab et al., 2002) , whereas PDI and P4H bind single chains of procollagen (Walmsley et al., 1999; Bottomley et al., 2001) . We previously found that Hsp47-knockout mice (Hsp47 Ϫ/Ϫ ) are embryonically lethal and display disrupted BMs with no silver staining-positive fibrillar structures in the ECM (Nagai et al., 2000) . Furthermore, type I collagen secreted from Hsp47 Ϫ/Ϫ fibroblasts was shown to be more susceptible to protease digestion. More recent studies indicated that type IV collagen is absent from BMs but present in dilated ER in the Hsp47 Ϫ/Ϫ embryos and that type IV collagen is slowly secreted from Hsp47 Ϫ/Ϫ embryonic stem cells and sensitive to protease digestion (Matsuoka et al., 2004) . These results indicated that Hsp47 is required for the maturation of collagen types I and IV in the ER. However, in vivo mechanisms for the Hsp47-assisted maturation of collagen are largely unknown.
Here, we report that fibrils of type I collagen secreted from Hsp47 Ϫ/Ϫ fibroblasts have abnormally thin and branched structures. We also show that fibrils deposited in the ECM unexpectedly contained procollagen N-propeptides. In Hsp47 Ϫ/Ϫ cells, type I procollagen was accumulated in the ER due to slow secretion and formed NP-40 -insoluble aggregates. We discuss the roles of Hsp47 in the productive folding of type I collagen and in the prevention of aggregate formation in the ER.
MATERIALS AND METHODS

Cell Culture and Transfection
Hsp47
ϩ/ϩ and Hsp47 Ϫ/Ϫ mouse embryo fibroblasts (Nagai et al., 2000) and Balb/3T3 cells were cultured in 10% fetal bovine serum (Dainippon Pharmaceutical, Osaka, Japan)/DMEM (high glucose) in the presence of ascorbic acid phosphate (136 g/ml) unless otherwise indicated. Transfection with mouse Hsp47 expression vector (Nagai et al., 2000) was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. All the experiments except pulse-chase experiment were performed 3 d after the cell culture became confluent.
Antibodies
Mouse monoclonal antibodies to Hsp47, PDI (Stressgen Biotechnologies, Victoria, British Columbia, Canada), actin (C4) (Chemicon International, Temecula, CA), GM130 (BD Biosciences, Franklin Lakes, NJ), fibronectin (SigmaAldrich, St. Louis, MO), and rabbit polyclonal antibodies against mouse collagen type I (AB765P; Chemicon International) were obtained from the indicated sources. Rabbit antibodies against the N-propeptide and C-propeptide of the type I collagen ␣1 chain (LF39 and LF41, respectively) (Fisher et al., 1995) were kindly provided from Dr. L. W. Fisher (National Institutes of Health, Bethesda, MD). Alkaline phosphatase (AP)-conjugated anti-mouse or rabbit IgG (BioSource, Nivelles, Belgium), Alexa Fluor 488-conjugated antimouse or rabbit IgG, Alexa Fluor 546-conjugated anti-mouse or rabbit IgG, and Alexa Fluor 647-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA) were used as secondary antibodies.
Western Blot Analysis
Proteins were extracted from fibroblasts using cell extraction buffer containing 0.05 M Tris-HCl, pH 8.0, 0.15 M NaCl, 5.0 mM EDTA, 1% NP-40, and protease inhibitors [2.0 mM N-ethylmaleimide, 2.0 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, and 1 g/ml leupeptin and pepstatin] at 4°C. After centrifugation, soluble protein in the extract was quantified according to the method of Bradford (Bradford, 1976) . Proteins were separated by SDS-PAGE (Laemmli, 1970) using 8% gels and blotted onto nitrocellulose filters. Filters were blocked in phosphate-buffered saline (PBS) containing 5% skim milk, and specific binding of antibody was detected by developing with tetrazolium bromochloroindolylphosphate and nitro blue tetrazolium in 50 mM sodium carbonate buffer, pH 9.8, containing 1 mM MgCl 2 . Antibody against type I collagen C-propeptide (LF-41) was used for detecting procollagen ␣1 chain.
Metabolic Labeling
Cells were cultured in the presence of 3.9 MBq/ml 35 S-labeled Met and Cys (Express 35 S protein labeling mixture; PerkinElmer Life and Analytical Sciences, Boston, MA) in medium containing ascorbic acid phosphate, but lacking fetal calf serum and unlabeled Met or Cys, for 10 min. For pulse-chase experiments, labeled cells were chased for appropriate periods in medium containing excess unlabeled Met and Cys. Soluble proteins were extracted in cell extraction buffer and anti-type I collagen antibody (AB765P) was added to cell extracts or culture media. After incubation at 4°C overnight, protein A-Sepharose 4 Fast Flow resin (Pharmacia Biotechnology, Wikstroms, Sweden) was added to the mixture, and resin was recovered by centrifugation. Immunocomplexes bound to the resin were washed in a modified cell extraction buffer containing 0.4 M NaCl. Proteins were separated by SDS-PAGE using 8% gels and fixed in saturated trichloroacetic acid. After soaking in 1 M sodium salicylic acid, the gels were dried and exposed to x-ray film.
Immunofluorescence
Cells were washed in PBS and fixed with 4% (wt/vol) paraformaldehyde in PBS for 15 min. After washing three times, fixed cells were permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for 5 min. Permeabilized cells were blocked for nonspecific protein binding by incubating them in 2% goat serum/phosphate-buffered saline for 30 min. After incubation with specific antibodies, cells were incubated with Alexa Fluor-conjugated anti-mouse or rabbit IgG. Immunofluorescence was observed through a Zeiss LSM 510 META confocal fluorescence microscope (Carl Zeiss, Jena, Germany).
Electron Microscopy
Cultured cells were rinsed in serum-free cell culture media (SFM) and fixed with 1.5% glutaraldehyde, 1.5% paraformaldehyde, and 0.05% tannic acid in SFM for 30 min. After rinsing in SFM, cells were fixed with 1% OsO 4 and dehydrated in a graded series of ethanol to 100%. After rinsing in propylene oxide, cells were infiltrated and embedded in Spurrs epoxy resin. Sections (80 nm) were stained with uranyl acetate and lead citrate and examined on a Philips EM410LS transmission electron microscope.
Immunoelectron Microscopy
The preembedding silver enhancement immunogold method was performed for immunoelectron microscopy as described previously , except that the antibodies used were rabbit antibodies against either type I collagen or the N-propeptide of type I collagen ␣1 chain (LF-39).
RESULTS
Abnormal Fibril Formation of Type I Collagen by Hsp47
؊/؊ Cells Previously, we established Hsp47 Ϫ/Ϫ fibroblastic cell lines from the knockout embryos (Nagai et al., 2000) and showed that type I collagen secreted from these cells is susceptible to protease digestion. We extended these studies in the present investigation to determine whether the type I collagen secreted from Hsp47 Ϫ/Ϫ fibroblasts can self-assemble into supramolecular fibrillar structures. Expression levels of type I collagen, determined by Western blotting of cell lysates, were similar between Hsp47 ϩ/ϩ and Hsp47 Ϫ/Ϫ fibroblasts except that Hsp47 Ϫ/Ϫ KO-13 cells contained a slightly lower level of type I collagen ( Figure 1A ). Immunofluorescence staining of extracellular type I collagen, however, revealed that the staining patterns differed significantly between Hsp47 ϩ/ϩ and Hsp47 Ϫ/Ϫ cells ( Figure 1B ). Type I collagen fibrils secreted from Hsp47 Ϫ/Ϫ cells were sparse and only very weakly stained compared with those produced by Hsp47 ϩ/ϩ cells. Detailed observation of collagen fibrils by electron microscopy further revealed that the thin type I collagen fibrils formed by Hsp47 Ϫ/Ϫ cells frequently contained abnormal branches ( Figure 1C ). In contrast, the fibrils from Hsp47 ϩ/ϩ cells were thick and straight and had striated patterns. Fibronectin used as a control for an ECM component exhibited a normal pattern in both Hsp47 Ϫ/Ϫ and Hsp47 ϩ/ϩ cells ( Figure 1B) , indicating that the effect of Hsp47 knockout was specific for collagen. These results indicated that the type I collagen secreted from Hsp47 Ϫ/Ϫ fibroblasts was unable to form normal supramolecular fibrillar structures.
Retardation of Type I Collagen Secretion and Its Accumulation in the ER Secretion rate of type I collagen in Hsp47
Ϫ/Ϫ fibroblasts was next examined by a pulse-label and -chase experiment followed by immunoprecipitation. Pulse-labeled intracellular Type I Collagen in Hsp47-null Cells type I collagen disappeared from Hsp47 Ϫ/Ϫ fibroblasts fourfold more slowly than from Hsp47 ϩ/ϩ fibroblasts (Figure 2, A and B). Consistently, the pulse-labeled type I collagen was secreted into the culture medium from the Hsp47 ϩ/ϩ cells more rapidly than from the Hsp47 Ϫ/Ϫ cells ( Figure 2 , A and C). The secretion rate of type I collagen in the Hsp47 ϩ/ϩ cells was similar to that of a previous study; the half-life of type I collagen in chick embryo fibroblasts was found to be ϳ20 min (Satoh et al., 1996) . Thus, these results indicated that the absence of Hsp47 retarded type I collagen secretion from fibroblasts. The next question is where this retardation of type I collagen occurred in the secretory pathway of Hsp47 Ϫ/Ϫ fibroblasts. To determine the intracellular localization of type I collagen in Hsp47 ϩ/ϩ and Hsp47 Ϫ/Ϫ fibroblasts, we performed immunofluorescence staining using specific antibodies (Figure 2, D and E). In the Hsp47 ϩ/ϩ cells, a major portion of intracellular type I collagen was colocalized with GM130, a marker of cis-Golgi compartment (Perez et al., 2002) . A minor portion was colocalized with PDI, a marker of ER (Mehtani et al., 1998) , consistent with previous observations (Bonfanti et al., 1998) . In contrast, type I collagen in Hsp47 Ϫ/Ϫ cells was mostly colocalized with PDI, indicating that type I collagen is accumulated in the ER. The type I collagen staining in Hsp47 Ϫ/Ϫ cells was distinct from the GM130 staining pattern. Immunoelectron microscopic analysis confirmed that type I collagen accumulated in markedly dilated ER of Hsp47 Ϫ/Ϫ cells, whereas type I collagen was mainly observed in the Golgi apparatus or secretory granules of Hsp47 ϩ/ϩ cells (Figure 2 , F and G). Thus, in Hsp47
cells, the lack of Hsp47 caused accumulation of type I collagen in the ER.
Transient Expression of Hsp47 in Hsp47 ؊/؊ Cells Restores Normal Collagen Maturation
To confirm that the Hsp47 is the molecule responsible for type I collagen abnormalities observed in the Hsp47 Ϫ/Ϫ cells, Hsp47 was transiently expressed in the Hsp47 Ϫ/Ϫ cells and extracellular and intracellular distributions of type I collagen were examined by fluorescent microscopy. Transfection efficiency was ϳ50% in the Hsp47 Ϫ/Ϫ and Hsp47 ϩ/ϩ cells as determined by transfection of an enhanced green fluorescent protein (EGFP) vector (our unpublished data). After transfection, Hsp47 was clearly detected by the Western blotting in Hsp47 Ϫ/Ϫ cells at the same level as in nontransfected Hsp47 ϩ/ϩ cells ( Figure 3A ). Extracellular type I collagen fibrils produced by Hsp47-transfected Hsp47 Ϫ/Ϫ cells showed a strong and dense staining pattern, indistinguishable from that produced by Hsp47 ϩ/ϩ control cells ( Figure  3B ). In addition, type I collagen in Hsp47 Ϫ/Ϫ cells transfected with Hsp47 cDNA colocalized mainly with GM130 ( Figure  3D ), rather than with PDI ( Figure 3C ), which is similar to wild-type fibroblasts. Thus, we conclude that the abnormal localization patterns are caused solely by the absence of Hsp47.
Solubility of Type I Collagen Is Affected by the Absence of Hsp47
The accumulation of type I collagen in the ER of Hsp47 Ϫ/Ϫ cells suggested that these cells may form aggregates of procollagen in the ER. Thus, we examined the soluble versus the insoluble fractions of type I collagen by centrifugal fraction- ation of cell lysates followed by Western blotting ( Figure 4A) . Intriguingly, considerable amounts of type I collagen were detected in the insoluble pellet fraction of Hsp47 Ϫ/Ϫ cells, whereas none was detected in the pellet fraction of Hsp47 ϩ/ϩ cells. Because no significant level of pulse-labeled type I collagen was detected in the pellet fraction of Hsp47 Ϫ/Ϫ cells during chase period up to 2 h (Supplemental Figure 1) , the formation of insoluble type I collagen seems to be a slow process. Taking into account of intracellular localization of type I collagen (Figure 2, D-G) , it suggests that a considerable portion of type I collagen is accumulated as aggregated forms in the ER of Hsp47 Ϫ/Ϫ cells. Because the secretion rate of type I collagen was much slower in Hsp47 Ϫ/Ϫ cells (Figure 2 ) and procollagen retention in the ER is known to be mediated by the P4H (Walmsley et al., 1999) and PDI (Wilson et al., 1998) , we examined hydroxylation of type I collagen, which is dependent in the presence of ascorbic acid, a cofactor of P4H (Myllyharju, 2003) . When compared between the presence and absence of ascorbate, the mobility of intracellular type I collagen in SDS-PAGE gels was significantly slower at the presence of ascorbate both in Hsp47 ϩ/ϩ and Hsp47 Ϫ/Ϫ cells ( Figure 4B ). The mobility shift by ascorbate disappeared after treatment with ␣,␣Ј-dipyridyl (Supplemental Figure 2) , a specific inhibitor of P4H (Berg and Prockop, 1973a) . Because collagen triple helices are known to be stabilized by proryl hydroxylation (Berg and Prockop, 1973b) , this result clearly indicate that the inability of triple helix formation of type I procollagen in Hsp47 Ϫ/Ϫ cells (Nagai et al., 2000) was not due to the insufficient hydroxylation of proline residues on procollagen.
The Absence of Hsp47 Causes Accumulation of Unprocessed N-Propeptides in the ECM
In some collagen-related diseases, mutations on the triple helix domain of collagen prevent N-propeptide cleavage (Vogel et al., 1987 (Vogel et al., , 1988 . To investigate the processing of type I procollagen during secretion from Hsp47 Ϫ/Ϫ cells, immunostaining of type I collagen N-propeptide and Cpropeptide was carried out using specific antibodies. After cells were permeabilized with detergent, anti-N-propeptide and anti-C-propeptide antibodies stained intracellular procollagens that contained N-and C-propeptides, respectively ( Figure 5 , A and C). Although no staining of N-propeptide of type I collagen was observed in the extracellular regions of Hsp47 ϩ/ϩ cells, dot-like staining was unexpectedly observed in the ECM of Hsp47 Ϫ/Ϫ cells with anti-N-propeptide antibody ( Figure 5B ). In contrast, no C-propeptide was detected in extracellular regions of Hsp47 Ϫ/Ϫ or Hsp47 ϩ/ϩ cells, indicating that C-propeptide was cleaved even in the absence of Hsp47 ( Figure 5D ). This result was more clearly shown using immunoelectron microscopy ( Figure 5 , E and F). Antibody against whole type I collagen stained collagen fibrils that accumulated in the ECM whether they were formed by Hsp47 ϩ/ϩ cells or by Hsp47 Ϫ/Ϫ cells ( Figure 5E ). In a marked contrast, type I collagen secreted from Hsp47 Ϫ/Ϫ cells contained uncleaved N-propeptides along the thin and branched fibrils ( Figure 5F, b) , whereas anti-N-propeptide antibody did not stain the fibrils of Hsp47 ϩ/ϩ cells ( Figure   Figure 2 ( 5F, a). These results indicate that processing (cleavage) of N-propeptides of type I procollagen is impaired in Hsp47 Ϫ/Ϫ cells, whereas that of C-propeptides is normal.
DISCUSSION
In this study, we found that type I collagen secreted from Hsp47 Ϫ/Ϫ fibroblasts produced abnormally thin and sparse fibrils in the ECM and that these fibrils frequently showed branchlike structures by electron microscopy (Figure 1 ). Transient expression of Hsp47 cDNA in the Hsp47 Ϫ/Ϫ cells restores normal phenotype in the fibril formation (Figure 3) , indicating that the lack of Hsp47 causes severe defects in the fibrillogenesis of type I collagen. This observation suggests that the assembly processes of collagen molecules into fibrillar structures were severely affected by the presence of structurally abnormal molecules. We previously reported that the triple helix formation of types I and IV collagen is defective in the ER of Hsp47 Ϫ/Ϫ cells because collagen secreted from Hsp47 Ϫ/Ϫ cells is susceptible to protease digestion (Nagai et al., 2000; Matsuoka et al., 2004) , and Hsp47 transiently associates with procollagen in the ER (Satoh et al., 1996) . Thus, the improper triple helix of procollagen produced without the chaperone function of Hsp47 is likely to cause the defects in formation of collagen supramolecular structures.
We also demonstrated that secretion of type I collagen was significantly delayed in Hsp47 Ϫ/Ϫ cells (Figure 2 ) as was the secretion of type IV collagen (Matsuoka et al., 2004) . Consistent with delayed secretion, type I collagen was highly accumulated in the ER of Hsp47 Ϫ/Ϫ cells, whereas the intracellular localization of type I collagen was observed mainly in the Golgi apparatus in Hsp47 ϩ/ϩ cells. A normal distribution pattern of type I collagen within the cells was restored by transient expression of Hsp47 in Hsp47 Ϫ/Ϫ cells (Figure 3) . Furthermore, we demonstrated that procollagen accumulates in the ER as insoluble aggregates in the absence of Hsp47 ( Figure 4A) . However, the delayed secretion seemed not to be the result of this aggregate formation because the aggregation was not observed within 2 h in pulse-chase experiments (Supplemental Figure 1) . When the triple helix formation of procollagen is impaired by culturing the cells in the presence of ␣,␣Ј-dipyridyl, an inhibitor of P4H, or in the absence of ascorbate, procollagen with improper triple helices is known to be retained in the ER, and the secretion rate is decreased (Juva et al., 1966; Satoh et al., 1996) . Thus, the delayed secretion of procollagen in the absence of Hsp47 observed in the present study may be due to conformational abnormality of procollagen.
Hydroxylation of proline residues plays an important role for the triple helix formation of collagen. P4H hydroxylates proline residues on procollagen in the triple helix domain, particularly the proline at the Y position of Gly-X-Y repeats (Berg and Prockop, 1973b; van der Rest and Garrone, 1991) , and this hydroxylation stabilizes triple helix (Bulleid et al., 1996) . P4H is reported to associate with single ␣-chains of unfolded or incompletely folded procollagen (Walmsley et al., 1999) . In the present study, however, hydroxylated procollagen was clearly detected in Hsp47 Ϫ/Ϫ cells (Figure 4 and Supplemental Figure 2) . Thus, improper triple helix formation observed in Hsp47 Ϫ/Ϫ cells is not due to the insufficient prolyl-hydroxylation.
Triple helix formation proceeds from the C to the N terminus in a zipperlike manner (Bachinger et al., 1980; Engel and Prockop, 1991; Bulleid et al., 1997) after assembly of two ␣1-chains and one ␣2-chain at the C-propeptides. N-and C-propeptides are processed from the collagen helices during or immediately after secretion by N-proteinase ADAMTS-2 and C-proteinase BMP-1, respectively (Dombrowski and Prockop, 1988; Li et al., 1996) . In the present study, we revealed for the first time that incompletely processed type I collagen containing N-propeptide was secreted from Hsp47-null fibroblasts and accumulated in the ECM ( Figure 5 ). Because cleavage of N-propeptides does not occur until completion of the triple helix formation (Fessler and Fessler, 1979) and N-propeptide cleavage also fails to occur in heat denatured type I procollagen (Tuderman et al., 1978; Tuderman and Prockop, 1982; Hojima et al., 1989) , the inability to cleave the N-propeptide of procollagen in Hsp47 Ϫ/Ϫ cells is probably due to improper folding of type I collagen in the ER. Thus, this observation further supports the notion that Hsp47 is indispensable for proper triple helix formation of procollagen in the ER.
In contrast, C-propeptide cleavage, which is essential for the fibril formation (Peltonen et al., 1985) , occurred normally in Hsp47 Ϫ/Ϫ cells. Consistently, C-propeptide cleavage was reported to occur even though the triple helix of procollagen was destabilized by mutation (Vogel et al., 1987 (Vogel et al., , 1988 . Cpropeptides assemble together before triple helix formation (Bachinger et al., 1980) . Trimers of type I collagen ␣ chains bridged by disulfide bonds at the C-propeptide region were detected in Hsp47-knockout fibroblasts using SDS-PAGE under nonreducing conditions (Supplemental Figure 3) , indicating that Hsp47 does not affect the assembly of the C-propeptides of three ␣-chains of procollagen. Hsp47 binds to the triple helix form of procollagen in the ER, as shown previously in vivo, in vitro, and in semipermeabilized cells (Satoh et al., 1996; Koide et al., 2002; Tasab et al., 2002) . Together, these observations suggest that Hsp47 is required in a process of triple helix formation of procollagen later than the C-propeptide assembly but earlier than N-propeptide cleavage (Figure 6 ).
It is noteworthy that disease-causing mutations on the COL1 genes result in severe defects in collagen fibril formation (Kuivaniemi et al., 1991) , including those that occurred in the N-terminal region of the ␣1 chain of type I collagen (Cabral et al., 2005) . Dermal collagen fibrils in the patients with this mutation were significantly thinner than those of healthy controls, and cultured cells established from the patients were unable to cleave N-propeptides of type I procollagen. In studies of osteogenesis imperfecta, a point mutation in the N-terminal region of the triple helix of the ␣1 chain of type I collagen caused decreased cleavage of Npropeptide (Vogel et al., 1987 (Vogel et al., , 1988 . Although these observations are similar to the effect of the disruption of Hsp47 gene as shown here, they are clearly distinct in that the mutation in the collagen gene itself caused the improper folding, resulting in the impairment of N-propeptide processing. Thus, we revealed that the disruption of a molecular chaperone causes improper posttranslational processing of collagen molecules without any mutations in the collagen gene.
Our present data have shown that Hsp47 is required for the prevention of aggregate formation of procollagen in the ER and is indispensable for the formation of thick collagen fibrils with striated patterns. We can conceive two possible functions of Hsp47 as a collagen-specific molecular chaperone. Hsp47 may prevent the unfolding of the triple helix and thus stabilize it during the progression of procollagen folding (Nagai et al., 2000; Tasab et al., 2000) , because Hsp47 preferentially binds to triple helix form of procollagen rather than the single ␣-chain (Koide et al., 2002; Tasab et al., 2002) . . (E and F) Immunoelectron microscopy was performed using anti-type I collagen AB765P antibody (E) or anti-N-propeptide LF-39 antibody (F), followed by incubation with secondary antibody labeled with gold particles. Bar, 500 nm.
Previous analysis of secreted collagen also supports the idea; the triple helix formation of procollagen was severely affected by the absence of Hsp47 as examined by protease digestion (Nagai et al., 2000; Matsuoka et al., 2004) . This function of Hsp47 probably serves to prevent aggregation of misfolded procollagen in the ER, because procollagen was found to be accumulated as insoluble aggregates in the ER of Hsp47 Ϫ/Ϫ cells. The second possible function is to prevent the lateral association of procollagen triple helices in the ER. In vitro, collagen triple helices tend to associate each other and thus form collagen gels at neutral pH and room temperature. Thomson and Ananthanarayanan (2000) demonstrated that addition of Hsp47 prevents self-association of collagen triple helices in vitro. Whereas it is not proven whether this mechanism also works in the ER, there is a supportive evidence that procollagen molecules laterally associate in the Golgi apparatus (Bonfanti et al., 1998) where procollagen is liberated from Hsp47 (Satoh et al., 1996) . In the present study, however, fibrillar structure of type I procollagen was not observed in the ER of Hsp47 Ϫ/Ϫ cells, whereas detergentinsoluble aggregates of procollagen accumulated in dilated ERs. Because this may due to the absence of properly folded procollagen triple helices in the ER of Hsp47 Ϫ/Ϫ cells, our results cannot completely exclude the possibility that Hsp47 functions in preventing the formation of large supramolecular structures of triple helical procollagen in the ER. Thus, it is possible that Hsp47 works as a collagen-specific molecular chaperone both in facilitating the triple helix formation and in preventing the lateral association in the ER.
In summary, we demonstrated for the first time in the present study that Hsp47 facilitates productive folding of procollagen with preventing its aggregation in the ER. This function of Hsp47 is indispensable for the effective secretion of procollagen from the ER-to-Golgi apparatus and the processing of N-propeptide leading to the fibril formation in the ECM.
